Abstract
Introduction
Hepatitis B virus (HBV) is responsible for the most frequent chronic liver disease of infectious origin in man, with approximately 240 million chronically infected individuals worldwide. Chronic hepatitis B results in more than 600,000 deaths annually from the complications of end-stage liver disease and hepatocellular carcinoma (HCC) 1 . The vast majority of new HBV infections occurs in highly endemic regions, such as China, Southeast Asia, and sub-Saharan Africa. HBV transmission can be motherto-infant, person-to-person in young children (through open cuts and scratches) and adults, sexual, nosocomial, or blood-borne (for instance through sharing of infected needles or drug preparation materials), depending on the prevalence and risk groups in the area.
In the last decade, several factors have changed the worldwide dynamics of HBV epidemiology, including massive population migrations from highly endemic areas and the implementation of preventive strategies, screening policies, and public education. Mostly due to the implementation of prophylactic vaccination and global improvement in the socioeconomic conditions in highly endemic areas, a slow decline of hepatitis B surface antigen (HBsAg) carriage prevalence has been observed, despite the fact that the absolute number of HBV carriers is increasing owing to the increasing world population (estimated at 233 million in 1990 versus 248 million in 2010) 2 .
The natural history of HBV infection results from a complex dynamic interaction between the virus and its host's immune defenses 3 . During acute HBV infection in adults, a broad, vigorous immune response results in viral clearance associated with acute, self-limited inflammatory liver disease in most cases 4 . In contrast, patients who become chronic HBV carriers, which most commonly occurs from perinatal or early childhood infection, fail to mount efficient innate and adaptive immune responses against HBV 5 .
Recent years have witnessed significant progress in our understanding of the virologic and immunopathologic aspects of HBV infection, leading the field to reconsider principles that had been established decades ago. Here, we review the most relevant advances in our understanding of HBV pathogenesis and novel virologic tools useful to screen and diagnose HBV-infected patients and optimize their management.
Recent advances in HBV virology and immunopathology
New findings in HBV virology HBV belongs to the Hepadnaviridae family. The virus has a circular, partly double-stranded DNA genome. The HBV lifecycle is complex. It starts with attachment of the virus to heparan sulfate proteoglycans, followed by virus binding to a recently identified hepatocyte-specific cellular receptor, the sodium taurocholate co-transporting polypeptide (NTCP) 6 . The identification of NTCP, a key bile acid transporter expressed by liver cells, as a critical mediator of cellular entry of HBV and hepatitis delta virus (HDV), a viroid using empty HBV envelopes for its infection, paves the way for the development of reliable cell culture systems and a better understanding of the early steps of HBV and HDV infection [6] [7] [8] . The pre-S1 region of the HBV envelope proteins appears to bind the extracellular loops of NTCP, triggering endocytosis of the receptor-virus complex prior to transfer of the HBV nucleocapsid (or the HDV ribonucleoprotein complex) to the nucleus 9 . Early steps of the HBV lifecycle, including HBV membrane fusion, uncoating, and translocation of HBV relaxed circular DNA (rcDNA) to the nucleus, remain poorly understood. In the nucleus, rcDNA is converted into covalently closed circular DNA (cccDNA), the template for the transcription of all viral mRNAs and pregenomic RNA (pgRNA). The transcriptional activity of cccDNA is regulated by epigenetic modifications (e.g., histone acetylations and methylations) and by the HBx protein 10 . Viral and host factors involved in cccDNA synthesis, stability, and transcriptional regulation have been identified and provide potential targets for drugs aimed at functionally curing HBV infection. For instance, the discovery that tyrosyl-DNA phosphodiesterase 2 is implicated in the first step of cccDNA formation makes it an interesting target for future eradication strategies 11 . Alternatively, rendering cccDNA transcriptionally inactive, i.e. "locking" HBV cccDNA by means of hyperchromatination, has been suggested as a means to achieve functional cure 12 .
Virologic factors, such as the HBV genotype, can influence the course of chronic hepatitis B. Genotypes A and D are mainly found in North America, Europe, and Northern and Eastern Africa, while genotypes B and C are dominant in Asia. Individuals infected with genotypes A1, C, B2-5, and F1 showed accelerated progression to cirrhosis and HCC 13 , whereas genotypes A and B have been associated with a better response to interferon (IFN) alpha therapy than genotypes C and D 14 .
New findings in HBV immunology HBV-infected patients who fail to mount a vigorous and coordinated innate and adaptive immune response develop chronic HBV carriage and are at risk of developing chronic hepatitis B and its complications. The risk of chronicity is related to the patient's age at infection. Indeed, progression to chronic infection occurs in approximately 90-95% of patients infected perinatally, approximately 30% of patients infected under the age of 5 years, and rarely in patients infected as adults 15 .
The natural history of chronic HBV infection is not yet fully understood. It results from a complex interplay between the virus and the host that evolves over successive, non-obligatory phases of variable duration during the patient's life 16 . They classically include the immune tolerance phase, the hepatitis B envelope antigen (HBeAg)-positive immune clearance phase, the inactive (immune control) phase, and the HBeAg-negative immune escape phase. Based on recent evidence showing trained immunity in immune-tolerant patients, the immune tolerance phase and immune clearance phases have been renamed the non-inflammatory and inflammatory phases, respectively 17 . The different phases can be individualized based on the HBeAg status and the HBV DNA and alanine aminotransferase (ALT) levels and dynamics.
(i) Non-inflammatory phase (formerly immune tolerant phase): the non-inflammatory phase is classically observed during the first two or three decades following perinatally acquired infection. It is characterized by the presence of HBeAg, high HBV DNA levels (generally >10 7 log 10 international units [IU]/mL), ALT levels within the normal range, and no or minimal histologic inflammation and fibrosis. This phase has long been thought to be associated with no adaptive immune response against the virus, HBeAg being considered as a T-cell tolerogen that crosses the placenta and favors perinatal transmission 18 . However, the concept of immune tolerance has been recently challenged. Indeed, HBV exposure in utero induces a state of trained immunity characterized by innate immune cell maturation and type 1 T-helper cell development 17 . In infected adolescents, early immune responses against HBV antigens are efficacious, although less prone to induce a proinflammatory reaction than in older individuals 19 . Persistent low-level immune destruction of infected hepatocytes by cytotoxic T lymphocytes during the non-inflammatory phase is possible. It could lead to the selection of adapted clonal hepatocytes resistant to HBV infection, which would explain the progressive decrease of HBV DNA levels over time and the potential triggering of HCC development during this early phase 20 . In young patients, other components of the immune system, such as immune regulatory factors and natural killer T cells, which are very abundant in the liver, may also play a role. Integration of HBV DNA into the host hepatocyte genome might also occur at a more rapid rate than in the inactive phase, setting the stage for HCC development as infected persons' age.
(ii) Inflammatory phase (formerly immune active or immune elimination phase): the inflammatory phase is characterized by the presence of HBeAg, persistently or intermittently elevated ALT levels, and sometimes fluctuating HBV DNA levels that remain high but lower than in patients at the non-inflammatory phase. The inflammatory phase results from immune-mediated liver damage, characterized by the presence of liver necroinflammation and, often, fibrosis, as assessed by liver biopsy or noninvasive methods. ALT flares are common during this phase. They are generally clinically asymptomatic. Acute hepatitis, sometimes complicated by hepatic decompensation in cirrhotic patients, occurs in approximately 5% of flares, mostly when HBV DNA levels are very high 21 .
(iii) Inactive phase: the inactive phase is characterized by the loss of HBeAg and the appearance of anti-HBe antibodies, ALT levels within the normal range, and HBV DNA levels that fall below 2000 IU/mL, sometimes becoming undetectable
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. During the natural course of chronic HBV infection, the timing of HBeAg seroconversion is influenced by a number of factors, including the age at acquisition and the HBV genotype 23, 24 . The yearly rate of spontaneous HBeAg seroconversion is less than 2% in chronically infected children <3 years old; it increases to reach 12% during adulthood. Patients who seroconvert after the age of 40 years have a higher risk of developing cirrhosis and HCC, as compared to patients with earlier seroconversion 25 . Spontaneous reversion to HBeAg positivity is possible in up to 8% of patients 26 .
HBeAgseroconversion can also be induced by antiviral therapy, when blocking of viral replication allows the immune system to take control of infection.
(iv) Immune escape phase (HBeAg-negative inflammatory phase): the immune escape phase is observed in HBeAgnegative patients who cannot express HBeAg owing to genome mutations in the basal core promoter and/or in the precore region of the pre-C/C gene. These patients have active liver disease, with elevated fluctuating ALT levels, and persistent viral replication, with HBV DNA levels classically lower than in HBeAg-positive patients at the inflammatory phase. Progression to fibrosis and cirrhosis is generally faster in HBeAg-negative than in HBeAgpositive patients with active inflammation. During this phase, there is a direct correlation between HBV DNA levels in serum and the risk of HCC 26-28 .
Recent advances in diagnosis and monitoring of HBV infection
The diagnosis of HBV infection is currently based on the detection of serological markers, including HBsAg, anti-HBs antibodies, anti-HBc antibodies (total or IgM), HBeAg, and antiHBe antibodies, and on the detection and quantification of HBV DNA in peripheral blood. The diagnosis of acute hepatitis B is based on the concomitant presence of HBsAg and anti-HBc IgM.
In chronic HBsAg carriers, the presence or absence of HBeAg, the HBV DNA level, and the ALT level help diagnose the phase of chronic infection (see above).
Recent advances have been made to develop and/or improve serologic and molecular virologic tools useful for global screening, diagnosis, and optimal patient management.
Rapid diagnostic tests for HBsAg detection
A number of countries, including in resource-limited areas, have implemented large-scale prophylactic vaccination campaigns that are profoundly affecting HBV incidence and related morbidity and mortality. However, the worldwide HBV prevalence remains very high. Because anti-HBV drugs are effective and now affordable in many areas, large-scale screening for infection has become a priority in order to improve access to care for those who are infected and provide vaccination for unprotected individuals. . Overall, validated HBsAg RDTs are reliable and now represent promising tools for large-scale screening and diagnosis of HBV infection.
HBsAg quantification
Commercially available techniques, including Elecsys (Roche Diagnostics, Indianapolis, Indiana) and Architect (Abbott Laboratories, Abbott Park, Illinois), are now available to accurately quantify HBsAg. The HBsAg level in serum is believed to reflect the balance between the host immune response and viral replication. The kinetics of HBsAg production are complex and differ at each phase of the natural history of HBV, gradually declining from 4.5 to 2.8 log 10 IU/mL on average between the non-inflammatory and the inactive phase, respectively 31 .
HBsAg quantification has several potential indications in clinical practice 32 . It can be used to better characterize the inactive phase complementary to the HBV DNA level that often fluctuates in patients at the inflammatory phase 31 . An HBsAg level <1000 IU/mL together with an HBV DNA level <2000 IU/mL were suggested to be associated with the inactive carrier state 33 . The HBsAg level was also suggested to predict the severity of fibrosis in treatmentnaïve HBeAg-positive patients infected with HBV genotypes B and C 34 . HBeAg-negative patients with low HBV DNA levels but high HBsAg levels were suggested to be at higher risk of HCC 35 .
There is increasing evidence to suggest that monitoring HBsAg levels prior to and during treatment predicts the sustained response to pegylated IFN alpha-based therapy 36 . Both an on-treatment decline of HBsAg level >1 log 10 IU/mL and an HBsAg level <10 IU/mL at week 48 were significantly associated with sustained HBsAg clearance 3 years after pegylated IFN treatment in HBeAg-negative patients 37 . In another study, reducing the HBsAg level to 1500 IU/mL at week 12 and to 300 IU/mL at week 24 was associated with a high rate of response to pegylated IFN treatment in HBeAg-positive patients 38 . Finally, in 803 HBeAg-positive patients treated with pegylated IFN, most patients with HBsAg >20,000 IU/mL at week 24 failed to respond to therapy, regardless of the HBV genotype. These authors proposed that treatment should be discontinued in this situation 39 .
Data are lacking regarding prediction of nucleos(t)ide analogue treatment response by HBsAg levels 40 . It has been suggested that the addition of pegylated IFN is more likely to lead to an HBsAg loss in patients with chronic hepatitis B who respond to nucleos(t)ide analogue treatment and experience an HBsAg level decrease 41 . More data are needed to confirm whether this remains true with HBV genotypes found in western areas and to identify time points with good predictive values.
Anti-HBc antibody quantification
It has been suggested that anti-HBc antibody levels reflect HBVspecific adaptive immunity and could predict the response to antiviral therapies 42 . Corroborating this hypothesis, the baseline anti-HBc antibody titer was a strong predictor of HBeAg seroconversion in 791 HBeAg-positive patients with chronic hepatitis B receiving either pegylated IFN or nucleos(t)ide analogues 43 . If confirmed by other studies, this marker could be used for pretreatment stratification.
HBV core-related antigen (HBcrAg) quantification Another potentially useful novel marker is the hepatitis B corerelated antigen (HBcrAg). HBcrAg detects an amino acid sequence shared by HBeAg and the hepatitis B core protein. Serum HBcrAg levels were reported to correlate with serum HBV DNA and intrahepatic HBV DNA and cccDNA levels as well as with disease activity in early studies 44 . More recently, HBcrAg levels were strongly associated with the development of HCC 45 . HBcrAg has also been suggested to be a marker of HBV reinfection after liver transplantation 46 . Further investigation is needed, especially outside of Asia, where this marker has been exclusively studied thus far.
New HBV DNA assays Detection and quantification of HBV DNA levels are essential to diagnose ongoing HBV infection, establish the prognosis of liver disease, estimate the mother-to-child risk of transmission, and guide treatment decisions. HBV DNA quantification is indispensable in monitoring the virologic response to antiviral therapy 47 . HBV DNA level quantification is currently based on the use of real-time polymerase chain reaction (PCR) and isothermal amplification methods such as transcription-mediated amplification (TMA). Commercially available assays showed excellent analytical sensitivity (lower limit of detection in the order of 10 to 20 IU/mL) and specificity, and a broad dynamic range of linear quantification, fully covering the clinical needs, in a number of studies 48 .
Next-generation molecular diagnostic tools, such as the realtime TMA-based Aptima HBV Quant assay (Hologic, Bedford, Massachusetts) or the real-time PCR-based VERIS HBV assay (Beckman Coulter, Brea, California), will be available soon.
In these assays, all steps, including sample loading, nucleic acid extraction, reaction setup, and amplification, are integrated in a fully streamlined workflow. These assays will enable biologists to deliver results within hours following sampling, allowing for faster clinical decision-making. Random access will guarantee that emergency testing can be performed without disrupting the workflow.
HBV RNA quantification HBV RNA can be detected and quantified in infected patients' blood. In untreated patients, HBV RNA levels strongly correlate with HBV DNA levels 49, 50 . During nucleos(t)ide analogue therapy, the decrease of serum HBV RNA level was reported to be strongly predictive of subsequent HBeAg seroconversion 49, 50 . Patients receiving the combination of pegylated IFN and a nucleos(t)ide analogue had a sharper decline of HBV RNA levels than those receiving nucleos(t)ide analogue monotherapy 49, 50 . If these findings, which suggest that on-treatment HBV RNA level changes have a better predictive value on treatment outcome than changes in HBV DNA or HBsAg levels, are confirmed, HBV RNA monitoring could find an indication in treatment monitoring in clinical practice.
Recent advances in HBV therapy
Long-term control of HBV replication can now be achieved by finite administration of pegylated IFN when it induces a sustained virologic response, or by lifelong administration of a nucleos(t)ide analogue, such as tenofovir or entecavir. Nucleos(t)ide analogues block HBV replication and the formation of new cccDNAs in the long term without selecting resistant viruses in the vast majority of cases. However, they have no or little effect on the hepatocyte pool of cccDNA, which plays a key role in viral persistence and reactivation if antiviral therapy is interrupted. Therefore, these agents exceptionally yield a functional cure of chronic HBV infection, defined as sustained or durable HBsAg loss associated with anti-HBs antibody seroconversion with undetectable HBV DNA in serum and persistence of transcriptionally inactive cccDNA 51, 52 . Furthermore, no anti-HBV agent provides definitive eradication, as defined by complete cccDNA elimination.
New antiviral approaches that target various steps and components of the HBV lifecycle, including cccDNA, are currently being investigated, with the hope of achieving functional cure of infection or, if possible, complete viral eradication. These approaches, which have been recently reviewed 51, 52 , include HBV entry inhibitors, such as Myrcludex B TM , a lipopeptide mimicking the pre-S1 domain that competes with HBV particles for binding to NTCP; cytokines or sequence-specific nucleases that damage or destroy cccDNA; modulators of host cellular epigenetic-modifying enzymes, such as cytokines or inhibitors of viral protein function, that functionally silence cccDNA; cholesterol-conjugated small-interfering RNAs or antisense oligonucleotides blocking viral replication and viral protein expression; RNAse H inhibitors; capsid assembly modulators affecting nucleocapsid assembly, pgRNA encapsidation, and the nuclear functions of HBV core protein (cccDNA regulation and IFN-stimulated gene expression); phosphorothioate oligonucleotides that inhibit HBsAg release; and monoclonal antibodies that decrease circulating HBsAg load 51, 52 . These agents are at early phases of development, and further preclinical and clinical evaluations will be needed to assess their safety and efficacy.
Therapeutic approaches based on immune modulation are also currently being explored for future use in combination with antiviral options. 
Conclusion
The control of HBV infection has made considerable progress over the last two decades, with continuous improvement of virologic tools for screening and diagnosis, the implementation of widespread vaccination programs, and the development of effective antiviral therapies that block viral replication in the long term. However, available antiviral strategies do not yield functional cure of chronic HBV infection in most cases, and the risks related to HBV-induced cirrhosis and HCC still represent a major threat for infected patients. Characterization of the early events of HBV-induced tumorigenesis is needed to identify new biomarkers of disease progression and HCC development in order to implement personalized approaches for prevention, screening, and early intervention. New antiviral approaches combining antiviral agents acting on multiple targets in the HBV lifecycle and immune modulation aimed at achieving HBV functional cure or eradication and reducing the burden of HBV-induced liver disease are still under investigation. A concerted action of academic centers and pharmaceutical industries will be warranted to coordinate the development of new treatment strategies that, together with large-scale screening and universal vaccination, will help win the battle against HBV. Editorial Note on the Review Process are commissioned from members of the prestigious and are edited as a F1000 Faculty Reviews F1000 Faculty service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees provide input before publication and only the final, revised version is published. The referees who approved the final version are listed with their names and affiliations but without their reports on earlier versions (any comments will already have been addressed in the published version).
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